Bisphenol A is considered as pollutant, because it is toxic and hazardous to living organisms even at very low concentrations. Biological oxidation used for removing this organic from waste water is not suitable and consequently application of catalytic wet oxidation has been considered as one of the best options for treating bisphenol A. We have developed Fe/SBA-15, Ni/SBA-15 and Fe-Ni/SBA-15 as heterogeneous catalysts using the advanced impregnation method for oxidation of bisphenol A in water. The catalysts were characterized with physico-chemical characterization methods such as, powder X-ray diffraction (PXRD), FT-IR measurements, N 2 adsorption-desorption isotherm, thermo-gravimetric analysis (TGA), scanning electron microscopy (SEM), transmission electron microscopy (TEM) and inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis. This work illustrates activity of the catalysts for heterogeneous catalytic degradation reaction revealed with excellent conversion and recyclability. The degradation products identified were not persistent pollutants. GC-MS analysis identified the products: 2,4-hexadienedioic acid, 2,4-pentadienic acid and isopropanol or acetic acid. The leachability study indicated that the catalysts release very little metals to water. Therefore, the possibility of water contamination through metal leaching was almost negligible.
Introduction
Bisphenol A (BPA) has received great attention as an intermediate chemical in the manufacturing of polycarbonate plastic, epoxy resin, polyester-styrene resins.
1,2 BPA is manufactured in high quantities, for production of powder paints, adhesives, building materials, compact disks, thermal paper and paper coatings. Due to the daily use of these products, high concentrations of BPA are observed in wastewater. During the manufacturing process, some BPA can be unintentionally released into the environment. BPA has biological toxicity 3 and estrogenic activity 4 toward aquatic organisms and human cultured cells. BPA is considered as pollutant, because it is toxic and hazardous to living organisms, even at very low concentrations.Therefore, it is necessary to develop efficient treatment methodology for the removal of BPA in wastewater. Wastewater treatment methods like chemical precipitation, activated carbon adsorption and ion exchange are typically useful in the removal of bisphenol A. [5] [6] [7] But, they transfer the contaminants from one medium to another and hence further treatment is required. Hence, a rapid, simple and economic wastewater treatment for the removal of BPA is now highly in demand.
The conventional pollutant destructive technologies include biological, thermal and physico-chemical treatments. 8 Biological treatments normally require a long time for microorganisms to degrade the pollutant because they are affected by bisphenol A toxicity, thermal treatments produce considerable emissions of other harmful compounds and physicochemical techniques, such as flocculation, precipitation, adsorption on activated carbon and reverse osmosis, require a post treatment to remove the pollutant from a newly polluted environment. 9 Alternative methods to these well established techniques are advanced oxidation processes, 10 which have been reported to be useful for the near ambient degradation of soluble organic contaminants from water and soil providing almost total degradation.
Mesoporous materials (SBA-15, MCM-41 etc) have attracted considerable attention in the field of catalysis and adsorption owing to their characteristic properties such as, high surface area, large pore volume, regular structure, uniform pore size distribution and relatively high thermal stability.
11-14 SBA-15 has better mechanical and hydrothermal stability than MCM-41. 12 On the other hand, it is very difficult to introduce other metal ions directly into the SBA-15 framework because of the strong acidic conditions for SBA-15 synthesis. 12, 15 Recently, several researchers reported the incorporation of hetero atoms, such as Al, Fe, Co, Ni, Cr and Ti, into the framework of SBA-15 by modifying the pH and/ or the hydrothermal method of preparation. [16] [17] [18] [19] Fe 2 O 3 /SBA-15 nano composites, titania-deposited SBA-15, crystalline iron oxide supported on meso-structured SBA-15 materials, Fe/SBA-15 have been applied to waste water treatment processes. [20] [21] [22] [23] The use of a solid catalyst offers the further advantages of easy recovery, regeneration and reuse, compared to a homogeneous catalyst.
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In the present work, bisphenol A (BPA) is adopted as a model compound to evaluate the wet catalytic oxidation by transition metal supported catalysts (Fe/SBA-15, Ni/SBA-15 and Fe-Ni/SBA-15). The effects of reaction time, temper-ature and leachability study of the catalysts were examined under a range of reaction conditions. The products of the reaction were determined with the help of gas chromatography-mass spectrometry (GC-MS) analysis. Recyclability of the catalyst was also examined.
Experimental
Materials. Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123; Aldrich, USA), hydrochloric acid (Matsunoen Chemicals Ltd., Japan), tetraethyl orthosilicate (TEOS; Aldrich, USA), ferric nitrate nonahydrate (Yakuri pure Chemicals Co. Ltd, Japan) and nickel nitrate hexahydrate (Samchun Pure Chemicals Co. Ltd., Pyongtack city, Kyung ki-do, Korea) were used as received. The reactions were carried out with bisphenol A (Junsei Chemicals Co. Ltd, Japan), H 2 O 2 (Wako pure chemicals Industries Ltd., Japan) and stock solution of reactant at 5 × 10
) concentrations was prepared in double distilled water.
Characterization and Measurement. The catalysts were characterized by powder X-ray diffraction (PXRD, Phillips X'pert MPD diffractometer, Almelo, The Netherlands) over the 2θ range (1-10 and 10-80). Fourier transform infrared (FT-IR, Perkin-Elmer Spectrometer, Massachusetts, USA) spectroscopy was carried out using a KBr self-supported pellet technique. The metals entering into the SBA-15 catalysts were determined by inductively coupled plasmaoptical emission spectroscopy (ICP-OES, JY Ultima 2CHR). The BET surface area was completed by N 2 adsorptiondesorption data measured at 77 K using a volumetric adsorption set up (Micromeritics ASAP-2010, USA). The pore diameter of the samples was determined from the desorption branch of the nitrogen adsorption isotherm employing the Barret-Joyner-Halenda (BJH) model. The thermal measurements and microstructural evaluation of these samples were examined by thermo-gravimetric analysis (TGA, SDT600, TA instrument, USA), scanning electron microscopy (SEM, LEO-1430, VP, UK) and transmission electron microscopy (TEM, JEM 2011, Jeol Corporation, Japan).
Synthesis of Fe/SBA-15. SBA-15 was synthesized by a hydrothermal crystallization method as described previously. 12, 15, 16 Briefly, 4.0 g P123 was dispersed in 30 g of distilled water and stirred for 3h, to the resulting solution 120 g of 2 N HCl was added under stirring and finally 9.5 mL of TEOS was added drop wise as silica source. The mixture was continuously stirred at 313 K for 24 h, then transferred into a teflon-lined autoclave and aged for 48 h at 313 K. The product was filtered, washed and dried at 383 K in air. The obtained sample was calcined at 823 K in air for 6 h; Yield: 6.3 g. Fe/SBA-15 sample was prepared by wet impregnation using Fe(NO 3 ) 3 ·9H 2 O as iron precursor. Equal amount of Fe(NO 3 ) 3 ·9H 2 O (1 g) and SBA-15 (1 g) were dissolved in minimum volume of deionized water (10 mL) under stirring condition for 60 min. The mixture was dried at 353 K, calcined in air at 823 K for 3 h, and obtained Fe/SBA-15; Yield: 1.9 g. The dried material was ground well and sieved . ICP analysis of Fe-Ni/ SBA-15 catalyst showed 4.9 wt % iron and 7.2 wt % nickel metal.
Catalytic Wet Oxidation of Bisphenol A. Catalytic oxidation was carried out in a batch reactor equipped with a condenser under atmospheric pressure. After the reaction was over, mixture was centrifuged and the reactants remaining unconverted were estimated by spectrophotometer (Varian, Cary-4000, USA). Calibration curves obtained with a minimum of 5 standards were used for quantification of the results. The total conversion of bisphenol A was computed from the decrease in concentration of bisphenol A. The percentage conversion is calculated according to the relation:
), C t the concentration at any time after the reaction starts, t the time (min). Gas chromatography-mass spectrometry (GC-MS, Shimadzu GC 2010, USA) was used for product identification.
Results and Discussion
Physico-chemical Characterization. Powder X-ray Diffractions (PXRD) Analysis: The powder X-ray diffraction was used to characterize the crystalline structure of the catalysts. PXRD patterns of SBA-15 showed characteristic low angle peaks at 2θ = 0.95
o . The hexagonal lattice with the major peak assigned to the reflection from the (100) plane and two minor peaks with lower intensity corresponding to reflections from the (110) and (200) Figure 1Q , R, S). This might be due to the presence of metal inside the pores, which causes an increase in the scattering power within the pores, resulting in an overall loss of intensity due to phase cancellation between the pore walls and guest metal. 13, 14, 23, 25 In high angle PXRD, the existence of major reflections corresponding to SBA-15, even after functionalization, shows that the mesoporous SBA-15 structure is retained (Figure 2) 
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High angle PXRD pattern of the Ni/SBA15 sample displayed the characteristic peaks corresponding to nickel oxide, too.
14,27
Scanning Electron Microscopy (SEM) Analysis and Transmission Electron Microscopy (TEM) Analysis. SEM micrographs showed that the SBA-15 (Figure 3(a) ) samples consisted of small agglomerates. The morphology was maintained after metal impregnation to form Fe/SBA-15, Ni/ SBA-15 and Fe-Ni/SBA-15 (Figure 3(b), (c), (d) ). The catalysts revealed uniform size particles with ordered hexagonal mesoporous structure.
23,28 TEM micrographs of siliceous SBA-15 confirmed hexagonally arranged pore structures when viewed along the pore direction and parallel lattice fringes when viewed along the side (Figure 4(a) ). SBA-15 synthesized in the acidic medium displayed mesopores of one-dimensional channels, indicating SBA-15 to possess a 2D p6mm hexagonal structure. The presence of equidistant parallel fringes exhibits the nature of separation between the layers and the unique well-packed arrangement of mono layers. The ordered mesoporous structure of SBA-15 was unaffected by the incorporation of the metals, as shown in ). The reactions were carried out at 298 K, atmospheric pressure, 200 rpm stirring and a time interval of 2 h. No measurable conversion could be detected for blank experiment.
Effect of the Reaction Time: An increase in the reaction time from 10 to 120 min showed enhanced bisphenol A degradation, as shown in Figure 6 . In a series of reactions, which were carried out in this time interval with bisphenol A (5 × 10 −4 mole L , the conversion increased from 11.1 to 94.4%, 30.0 to 90.0% and 12.5 to 99.0%, respectively. The catalysts were found to be capable catalysts, indicating that wet impregnation might have left some Fe(III), Ni(II) on the accessible sites of SBA-15, which are responsible for converting more reactants. The UV-vis measurement spectra of bisphenol A degradation by catalysts Fe/SBA-15, Ni/SBA-15 or Fe-Ni/SBA-15 is shown in Figure 7 . The absorbance peak became weaker in intensity with time and totally disappeared after 110 min, 100 min and 80 min with the catalysts Fe/SBA-15, Ni/SBA-15 and Fe-Ni/SBA-15, respectively. This indicates that the bisphenol A was degraded totally into its mineral components. Similar results were reported by Fenton and sono-Fenton bisphenol A degradation by Ioan et al. (2007) , 31 but they did not report the final products of the reaction. In our work, the products of the catalytic degradation of bisphenol A were monitored by GC-MS analysis also (Scheme 1).
Effect of pH for Leaching Experiment: As the catalysts Fe/SBA-15, Ni/SBA-15 and Fe-Ni/SBA-15 contain transition metal ions (Fe
), it is important to see whether they cause secondary pollution after use. The leaching of the metals from the catalysts was studied by vigorously agitating 0.1 g of the catalysts with 50 mL water at pH 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 at 298 K (the temperature at which the wet oxidation reactions were carried out) for 2 h. The mixture was centrifuged and the amounts of Fe and Ni in the aqueous layer were determined. Fe released by Fe/SBA-15 was between 0.50 and 1.18%, Ni released by Ni/SBA-15 was from 0.03 and 0.14 % and from Fe-Ni/SBA-15 catalyst 0.25 to 0.99% (Fe) and 0.01 to 0.12% (Ni), respectively.
The pH of the medium has significant influence on the leaching, but it was found that maximum release occurred at basic medium. The leaching in general is very small and does not give rise to concentration of the metals in water, which are higher than the permissible values even when drinking water quality is considered. The leachability experiment has shown that the amount of Fe and Ni released into ). Thus, the use of the catalysts is not likely to create problem of water contamination.
Effect of Temperature: Although most of the experiments in this work were done at 298 K (close to room temperature), separate sets of experiments were designed to look into the effect of increasing temperature on bisphenol A degradation. Very small increase in the degradation was observed (Table 2) as the reaction was run successively at 288, 298, 303, 308 and 313 K. The increase in the degradation efficiency of the catalysts are evidently due to increased mobility of the bisphenol A molecules at higher temperature as well as their improved diffusional transport from the bulk phase to the liquid-catalyst interface. The oxidative degradation of bisphenol A with the catalysts, Fe/SBA15, Ni/SBA15 and Fe-Ni/SBA-15 were enhanced from 94.0-95.0%, 89.6-90.7% and 98.1-99.4%, respectively as the reaction was carried out at 288 K and 313 K. Similar trends were observed by Tang et al. (2011) 7 in catalytic removal of bisphenol A from aqueous solution with hemoglobin immobilized on amino modified magnetic nano particles as an enzyme catalyst.
Product Analysis. The identification of reaction products from the wet catalytic oxidation of BPA was carried out with metal impregnated SBA-15 catalysts by means of the GC-MS analytical method (Scheme 1). The mechanism is based on ·OH radicals. These radicals have their origin either in metal oxides formed during calcination of the catalysts or in the breaking of hydrogen peroxide (or water) molecules under the influence of the transition metal cations. The formation of ·OH radicals on the surface of the catalysts will follow from interactions between the excited O-atoms of the catalyst and H-atoms cleaved from the substrate or even water because the reactions were carried out in an aqueous solution. The participation of dissolved oxygen in ·OH radical formation is unlikely because this will result in a drastic reduction in oxidation with increasing reaction temperature (consequent to a decrease in dissolved oxygen level).
33 GC-MS analysis identified the following:2,4-hexadienedioic acid, 2,4-pentadienic acid and isopropanol or acetic acid (Table 3) . Subsequent oxidation of these intermediate products led to CO 2 and H 2 O.
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Recyclability of the Catalysts. An attempt was made to recycle the catalysts Fe/SBA-15, Ni/SBA-15 or Fe-Ni/SBA-15 after catalytic oxidation of bisphenol A under the optimized reaction conditions. After the first catalytic reaction in the presence of H 2 O 2 , the catalyst was isolated by filtration and the solid mass was Soxhlet-extracted with ethanol and water. The recovered solid was then dried in a vacuum desiccator overnight and used directly as catalyst in the next catalytic reaction. Four catalytic runs were carried out successfully with the same catalyst with no observable loss in performance (Figure 8 ). 
Conclusion
We have demonstrated the successful immobilization of transition metals, iron and nickel onto SBA-15 materials to form Fe/SBA-15, Ni/SBA-15 and Fe-Ni/SBA-15 catalysts. SBA-15 itself is catalytically inactive, but the introduction of transition metals to SBA-15 can convert the material into an efficient oxidative catalyst for treating water contaminated with bisphenol A. According to the proposed breakdown pathway and the intermediates, the catalytic removal of bisphenol A by metal supported SBA-15 is considered to be an effective method. The degradation products identified were not persistent pollutants. GC-MS analysis identified the products: 2,4-hexadienedioic acid, 2,4-pentadienic acid and isopropanol or acetic acid. The recyclability of the catalyst was another advantage of the catalytic oxidative degradation process. The leaching experiment showed that iron, nickel metals did not create any new water pollution problems.
